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We evaluate optical forces and torques induced by a surface plasmon to a sphere of arbitrary size,
i.e. beyond the point-like dipolar limit. Through a multipolar decomposition of the plasmonic field,
we demonstrate that the induced torque is purely transverse to the plasmon propagation direction.
Our approach removes the inherent ambiguities of the dipolar regime with respect to rotations and
emphasizes the crucial role played by dissipation in the onset of the plasmonic torque. We also give
realistic estimates of such plasmon-induced spinning of gold spheres immersed in water or air.
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INTRODUCTION
The capacity to manipulate small objects through opti-
cal forces has impacted many research areas [1, 2]. Light-
induced spinning, in particular, has recently attracted a
lot of attention [3], using circularly polarized and singular
beams for rotating absorbing particles [4–7] or unpolar-
ized fields for chiral particles [8–14]. In all such exper-
iments, the induced angular velocity vector is along the
beam propagation axis. But the importance of trans-
verse rotations has been lately recognized as a way to
induce localized shear stresses in fluids and thus to pro-
vide new tools and new probes for mechanobiology [15].
While actual recent demonstrations of such rotations
have involved rather complex ‘paddle-wheel’ microstruc-
tures [16] or potentially an optical ‘photonic-wheel’ setup
[17], it has been emphasized theoretically that evanescent
fields are interesting since they can readily spin trans-
versely dissipative dielectric particles [18–20].
In this context, surface plasmons (SP) are particularly
appealing, given their strong potential for efficient optical
manipulations in a great variety of configurations, rang-
ing from SP assisted optical traps, propellors, sorters, etc.
[21–25]. We have actually shown that due to the non-zero
intrinsic spin expectation value of the plasmonic field, an
SP mode can exert torques on dissipative dipoles in a
transverse direction [19]. In this article, we derive gener-
alized forces and torques exerted by a plasmonic field on
a sphere of arbitrary size. We show, through a multipolar
expansion of the SP field and its reflection on the sphere,
that the induced torque can genuinely spin the sphere, as
soon as it is dissipative. With an angular velocity vector
that turns out to be purely transverse with respect to
the SP propagation direction, our scheme appears as a
most simple alternative for the implementation of trans-
verse rotations. Importantly, our multipolar approach
removes the ambiguity of the meaning of rotation inher-
ent to the dipolar regime, where the sphere is a point-like
object. It appears then possible to evaluate angular ve-
locities and frequencies of metallic spheres immersed in
∗ Corresponding author: genet@unistra.fr
fluids, including therefore rotational Brownian motions.
Such evaluations are relevant when aiming at observing
such spinning effects.
I. PLASMONIC FORCE AND TORQUE ON A
SPHERE
A. Surface plasmon spin
We consider an harmonic plasmonic field(Ei(r, t),Hi(r, t)) = Re (Ei(r)e−ıωt,Hi(r)e−ıωt) with
angular frequency ω and wavelength in vacuum λ = 2picω .
The SP mode is launched unidirectionally at an interface
made of a metal, described by a complex permittivity
εm, and a non-dissipative fluid described by a real-
valued dielectric function εd. Practically, this can be
done through total internal reflection of an incident laser
beam –typically, using a prism in a Kretschmann-like
configuration [26], as sketched in Fig. 1. A metallic
sphere is then immersed in the fluid, localized slightly off
the SP launching region and close enough to the metal so
that it lies into the evanescent tail of the surface plasmon
mode. This implies that the plasmonic field is freely
propagating towards the sphere and incident on it - see
Fig. 1. Note that this situation must be distinguished
from surface plasmon mode coupling effects where a
localized plasmon resonance pre-excited on the sphere
couples to the SP mode at the planar metal film.
With the x axis taken as the propagation direction, the
SP field writes as:
Hi(x, y, z) = Hieıkxeıq(z+h) (0, 1, 0)
t
Ei(x, y, z) = Eieıkxeıq(z+h)
(
q˜, 0,−k˜
)t
(1)
where Hi =
√
εdε0/µ0E
i, and h is the distance between
the interface and the center of the sphere (Fig. 1). The
complex wavenumbers k and q of the plasmonic field
k = k′ + ık′′ =
ωnd
c
√
εm
εd + εm
k˜ = k˜′ + ık˜′′ =
kc
ndω
q = q′ + ıq′′ =
ωnd
c
√
εd
εd + εm
q˜ = q˜′ + ıq˜′′ =
qc
ndω
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FIG. 1. (Color online) Sketched configuration: an SP mode is
launched in the x direction at a metal / fluid (water) interface.
The associated plasmonic field
(Ei,Hi) exerts a force F and
a torque N on a sphere of radius R immersed in the fluid at
a distance h measured from its center to the interface.
are determined by the frequency-dependent dielectric
functions εm, εd = n2d, nd being the fluid refractive in-
dex, and using for all numerical applications the optical
data from [27]. Let us recall that in order to have a
well-defined propagating mode, the propagation length
of the SP mode must be greater than its wavelength.
This condition is fulfilled when |Re(k)| & |Im(k)|, i.e.
|Re(εm)| & εd. For a gold-water interface, this imposes
λ & 480 nm for the incident wavelength. In contrast,
this condition is always fulfilled in the visible for an
aluminium-water interface.
An interesting property of such transverse magnetic
evanescent SP field is that the real-valued electric field E
rotates in the (x, z) plane, as sketched in Fig. 1. The SP
field described by Eq. (1) thus possesses a non-zero ellip-
ticity in the y direction [19, 28] and, as a consequence,
has a spin expectation value
S = −2 k˜
′q˜′′ − q˜′k˜′′
|k˜|2 + |q˜|2 (0, 1, 0)
t (2)
purely transverse along the y axis. The y-component of
S is evaluated in Fig. 2 as a function of the wavelength
λ, in the visible and close infra-red ranges, for gold- and
aluminium-water interfaces. For both, this quantity is
always negative, larger in magnitude for gold than for
aluminium. In the former case, local maxima for |Sy|
are found at λ ' 525 and 620 nm, while for higher wave-
lengths, |Sy| slowly decreases. This parameter, an impor-
tant property of plasmonic fields, has direct mechanical
consequences. As shown in the dipolar regime, it is at the
origin of the mechanical torque induced by an SP mode.
We show below that the same holds for dissipative sphere
of arbitrary sizes.
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FIG. 2. (Color online) Amplitude of the y-component Sy of
the spin expectation value S as a function of the incident
wavelength λ, for a metal-water interface. The metal is gold
(solid line) or aluminium (dashed-curve). The plasmon be-
comes ill-defined for λ . 480 nm (grey area) at a gold-water
interface.
B. Consequences for a Rayleigh particle
We first recall the main results derived in [19] related
to force and torque exerted on a small sphere of radius
(R λ) and complex dielectric function ε(ω), immersed
in the fluid at a distance h. In this Rayleigh regime, the
sphere can be considered as a point-like dipole, whose
polarizability α0 is described by the Clausius-Mossotti
formula:
α0 = 4piε0R
3 ε− εd
ε+ 2εd
(3)
where ε and εd are the dielectric functions for the sphere
and the fluid, respectively. The plasmonic force on an
electric dipole can be written as a sum of reactive and
dissipative components:
Fdip
I0
=
nd
c
e−2q
′′h
(
1 + 2(k˜′′)2 + 2(q˜′′)2
)
×
−Re[α0]
ε0
 k′′0
q′′
+ Im[α0]
ε0
 k′0
q′
 (4)
where I0 = ndε0c|Ei|2/2 is the incident field intensity in
the fluid. These two components connect the real part
of the sphere polarizability to the intensity gradient and
the imaginary part to the phase gradient, respectively
(see [19] and references therein). The total force, in the
(x, y) plane, is directed along the propagation direction
of the plasmon with an additional negative z-component,
as sketched in Fig. 1 with a red arrow. The plasmonic
torque
Ndip
I0
=
nd
c
e−2q
′′h
(
1 + 2(k˜′′)2 + 2(q˜′′)2
)
Im
[
α0
ε0
]
S
(5)
3is proportional to both the dissipation in the dipole and
the spin expectation value [19, 20]. It thus follows di-
rectly from Eq. (2) that the torque Ndip is purely trans-
verse, directed along (y < 0) axis, as sketched in Fig. 1.
Although the dipolar approach provides simple expres-
sions that help capturing the specificities of the plasmonic
force and torque, the physical interpretation of the re-
sults is ambiguous because, in the Rayleigh regime, the
sphere is point-like and only characterized by its dipolar
moment. It is thus unclear whether this torque induces
a genuine mechanical spinning of the particle or only a
spinning of its dipolar moment. In fact, the only con-
sequence of the dipolar torque Ndip is the spinning of
the sphere dipolar moment, in the same direction as the
electric field but delayed from it [19]. Moreover, the har-
monic field assumption and the linear response descrip-
tion with a frequency-dependent polarizability α0 neces-
sary lead to a harmonic dipolar moment that rotates, at
all times, at the same angular frequency as the electric
field. As a consequence too, an initial harmonic spin-
ning is implicitly forced on the sphere dipolar moment,
leaving no way to study a genuine torque induced on the
sphere initially immobile. One major aim of this article
is to remove such ambiguities with a multipolar treat-
ment of the plasmonic scattering on the sphere. Only
such a treatment gives the possibility to consider objects
of finite sizes, initially at rest.
C. The Mie scattering on a sphere
The multipolar nature of the scattering properties of
a finite-size sphere is best illustrated through associ-
ated cross sections which characterize the energies re-
moved from the incident light (extinction), radiated by
the sphere (scattering) and absorbed inside the sphere
(absorption). Because they do not depend on the am-
plitude and shape of the incident field, these quantities
show the intrinsic optical response of the sphere. They
can be obtained easily from the Mie coefficients of the
sphere [29, 30] and are presented in Fig. 3 for a metallic
sphere.
When studying the dependence of the cross sections
on the sphere radius (Fig. 3(A)), small oscillations can
be observed which are directly connected to the sequence
of multipoles with increasing order. For an incident field
of wavelength λ = 594 nm, the first four maxima are
approximately located at R = 55, 115, 175 and 235 nm,
displaying hence a pseudo-periodicity of about λ/10.
For gold and aluminium spheres of radius 100 nm that
are typically used in recent experiments, and are falling
beyond the Rayleigh regime in the visible range, the
wavelength dependence of the different cross sections is
shown in Fig. 3(B). A key element for the analysis of
the plasmonic torque is that the absorption cross section
Cabs of a gold sphere (red solid curve) is maximum for
λ around 520 nm, with a shoulder around 620 nm and
a rapid decrease above 700 nm. For aluminium, Cabs is
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FIG. 3. (A) Normalized Q = C/(piR2) extinction (thin
dark curve), scattering (blue curve) and absorption (thick
red curve) cross-sections for a gold sphere, as a function of
its radius R. The incident wavelength is set to λ = 594 nm.
(B) Same quantities, as a function of the incident wavelength
λ for a 100 nm radius sphere made of gold (solid lines) or
aluminium (dashed curves).
much smaller.
D. Optical force and torque applied to the sphere
To go beyond the Rayleigh regime, a multipolar cal-
culation is performed through the scattering formalism
where the total electromagnetic field (E,H) outside the
sphere is taken as the superposition of a field
(Ei,Hi)
incident on the sphere, and a scattered field (Es,Hs) go-
ing away from it. This multipolar decomposition is well
suited to compute the field scattered by a sphere (Es,Hs)
through the Mie coefficients given in Appendix A. The
optical force and torque exerted on a sphere assumed to
be at rest, are then obtained by integrating the Maxwell
stress-tensor evaluated for this total field over the surface
of the sphere.
4In this framework, the sphere appears as a local probe
of the near field which perturbs the incoming SP field
through the scattered field. In return, the perturbed, i.e.
total field acts on the sphere through optical force and
torque. This amounts considering the perturbation of
the incoming plasmonic field at the first order, neglect-
ing the influence of multiple reflections induced between
the sphere and the metal film. While multiple reflections
between the plane and the sphere must be included if
one aims for precise quantitative evaluations, this first-
order approach is commonly used to get qualitative and
meaningful results, as higher order corrections are mathe-
matically and computationally demanding and only have
a limited influence [31]. Indeed, as shown in the case of
total internal reflection on dielectric spheres, the effect of
multiple reflections are only seen close to the particle Mie
resonances, contributing only to a small fraction (∼ 10%)
of the force, and are totally negligible off-resonance [32].
It is not straightforward to anticipate how the plasmonic
force on a metallic particle would be affected but recent
simulations have clearly shown that the effects of multi-
ple reflections on the dynamics are only felt at very short
distances and essentially affect the vertical component of
the force [22, 33].
The time-averaged force acting on the sphere can be
obtained by integrating the normal component of the
Maxwell stress tensor, relative to the total electromag-
netic field, over the surface of the sphere [34, 35]. Its
different components read, for an arbitrary incident field
[36]:
Fx + ıFy
I0
=
ıβ2R2nd
2c
∞∑
`=1
∑`
m=−`
{
√
(`+m+ 2)(`+m+ 1)
(2`+ 1)(2`+ 3)
`(`+ 2)
× [(2a`a∗`+1 − a` − a∗`+1)A`,mA∗`+1,m+1 + (2b`b∗`+1 − b` − b∗`+1)B`,mB∗`+1,m+1]
+
√
(`−m+ 2)(`−m+ 1)
(2`+ 1)(2`+ 3)
`(`+ 2)
× [(2a`+1a∗` − a`+1 − a∗` )A`+1,m−1A∗`,m + (2b`+1b∗` − b`+1 − b∗` )B`+1,m−1B∗`,m]
+
√
(`+m+ 1)(`−m)
× [(2a`b∗` − a` − b∗` )A`,mB∗`,m+1 − (2b`a∗` − b` − a∗` )B`,mA∗`,m+1]
}
(6)
Fz
I0
=− β
2R2nd
c
∞∑
`=1
∑`
m=−`
{√
(`−m+ 1)(`+m+ 1)
(2`+ 1)(2`+ 3)
`(`+ 2)
× Im [(2a`+1a∗` − a`+1 − a∗` )A`+1,mA∗`,m + (2b`+1b∗` − b`+1 − b∗` )B`+1,mB∗`,m]
+mIm
[
(2a`b
∗
` − a` − b∗` )A`,mB∗`,m
] }
(7)
where A`,m and B`,m are the multipolar coefficients of
the incident field, a` and b` are the Mie coefficients, and
β = ndωR/c an adimensional size parameter.
The expressions for the time-averaged torque applied
to the sphere by the electromagnetic field can be found
in [34]. In our case of a non-dissipative surrounding di-
electric medium (real nd), this result can be simplified
into:
Nx + ıNy
I0
=− βR
3nd
2c
∞∑
`=1
∑`
m=−`
`(`+ 1)
√
(`−m)(`+m+ 1)
× [(2a`a∗` − a` − a∗` )A`,mA∗`,m+1 + (2b`b∗` − b` − b∗` )B`,mB∗`,m+1] (8)
5Nz
I0
=− βR
3nd
2c
∞∑
`=1
∑`
m=−`
m(`+ 1)
× [(2a`a∗` − a` − a∗` )A`,mA∗`,m + (2b`b∗` − b` − b∗` )B`,mB∗`,m] . (9)
II. NUMERICAL EVALUATIONS
These expressions for the force -Eq. (6,7)- and the
torque -Eq. (8,9)- are general and we now consider the
specific case of an incident plasmonic field. In order to
match with the symmetry of the sphere, the plasmonic
field can be expanded in spherical modes through multi-
polar coefficients A`,m, B`,m (see Appendix B and refer-
ences therein).
The force and torque expressions derived above are
exact but a truncation of the series to a finite number of
modes is necessary for numerical evaluations. In practice,
the relative size of the sphere compared to the incident
wavelength dictates how much modes must be included
to have an accurate estimation of the infinite series: the
larger the ratio R/λ, the slower the series converges, and
thus the larger cut-off `max for the sum over ` one needs to
choose to evaluate Eq. (6,7) and Eq. (8,9). The results
obtained in this paper used a cut-off up to `max = 30,
sufficient to deal with spheres of radii R . 1 µm in the
visible range. Larger spheres (R . 20 µm) could be
treated with a cut-off more or less proportionally larger,
and up to `max ∼ 500 with a reasonable numerical cost
[37, 38].
We also note that all the plasmonic forces and torques
turn directly proportional to the incident intensity I0 =
ndε0c|Ei|2/2. We therefore introduce for simplicity the
reduced force f = F/I0, and the reduced torque n =
N/I0 that will be used hereinafter. Additionally, in this
first-order scattering approach, both the force and the
torque turn out to scale with the exponential decay factor
e−q
′′d through the incident field coefficients A`,m, B`,m
given in appendix in Eq. (B1). This factor is determined
on the plane-sphere separation distance d, which implies
that force and torque can be normalized by this factor,
the obtained ratio becoming constant for all distances.
In the following of the section, we will therefore evaluate
the force and the torque fixing this scaling factor to one
for the sake of simplicity.
A. Plasmonic force applied to a metallic sphere
The results of the evaluations for the optical force in
the x and z directions from Eqs. (6-7) on a gold sphere are
presented in Fig. 4(A) as a function of the sphere radiusR
(see also [24]). Here we fix the distance h = R (see Fig. 1)
and we consider an incident plasmonic field launched at
a gold-water interface with two incident wavelengths λ =
594 and 980 nm. As expected from symmetry consider-
ations, the force in the y direction is zero in this case.
For the others x and z components, the force globally in-
creases in magnitude with oscillations every ∆R ' λ/10.
Such oscillations are typical of multipolar resonance ef-
fects as observed in Fig. 3(A) and are thus due to the
spherical geometry and the metallic nature of the object.
These oscillations have been key when optically sorting
metallic nanoparticles of different sizes, as we demon-
strated experimentally [24].
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FIG. 4. (A) Normalized plasmonic force exerted on a gold
sphere in the x (left axis; solid lines) and z (right axis; dashed-
curves) directions, as a function of the sphere radius R. Two
illumination wavelengths are considered, 594 nm (thin or-
ange curves) and 980 nm (thick red curves). The plasmon
is launched at a gold-water interface and e−q
′′d ≡ 1. (B)
Same quantities, but as a function of the incident wavelength
λ, for a fixed sphere radius R = 100 nm. The plasmon is
ill-defined over the grey area.
The dipolar limit sets a direct relation between the spin
6expectation value and the radiation pressure through the
orbital part of the Poynting vector [19]. Such a connec-
tion can still be seen in the multipolar regime, as observed
in Fig. 4(B). There, with a sphere radius fixed at R = 100
nm, the wavelength dependences of the amplitudes of the
force components appear directly related to the spin ex-
pectation values displayed in Fig. 2 with local maxima
of both fx and |Sy| at 540 and 620 nm. For the verti-
cal force component fz, this influence is less critical, as
the Poynting vector is almost horizontal for a plasmonic
field: we only observe here an enhancement of the pulling
down effect of the plasmonic field by a factor 2 between
550 and 650 nm.
B. Plasmonic torque applied to a metallic sphere
As the central result of this article, we evaluate the
torque induced on a metallic sphere by a plasmonic field.
Remarkably in this case, the (x, z) plane symmetry con-
stitutive of the plasmonic field yields that Nx = Nz = 0
and thus leaves the sole possibility of a purely transverse
torque in the y < 0 direction. In the configuration of
Fig. 1 (with the decay scaling factor e−q
′′d set equal to
one), the normalized torque component ny is evaluated
in Fig. 5(A) as a function of the sphere radius R, for two
plasmon wavelengths 594 and 980 nm. As expected from
the dipolar approach, the torque turns negative for all
values of R and λ, as drawn in Fig. 1. It is crucial to
note that the evaluation of a non-zero plasmonic torque
in the multipolar approach removes the initial ambigu-
ity brought forward by the dipolar limit. It shows indeed
that the plasmonic field is genuinely able to spin mechan-
ically small objects that are initially at rest.
Like the force, and for the same reason, the torque dis-
plays small ∆R ' λ/10 oscillations seen in Fig. 5(A).
The torque is stronger in magnitude at λ = 594 nm than
at λ = 980 nm, a point that is easily explained when
looking at the wavelength dependence of the torque pre-
sented in Fig. 5(B) for a sphere of radius R = 100 nm.
The torque indeed is maximal at λ ' 520 nm, with a
shoulder around 620 nm, two features that can be traced
back to two different sources: the spin expectation value
of the plasmonic field presented in Fig. 2 and the ab-
sorption cross section of the sphere presented in Fig. 3.
Accordingly, the torque decreases for larger wavelengths,
explaining the strong differences in strength between in-
cident wavelengths of 594 nm and 980 nm.
Because interband transitions play a crucial role in
the generation of the ellipticity of the plasmonic field,
and hence affect directly the associated spin expecta-
tion value, it is particularly interesting to check for
metal dependence of the plasmonic torque. In this con-
text, aluminium is an interesting metal [39]. The signa-
tures of its small absorption losses at wavelength shorter
than 600 nm and its peculiar parallel-band transition
at ca. 825 nm can be seen in the cross-sections pre-
sented in Fig. 3(B). Keeping identical configurations with
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FIG. 5. (A) Normalized transverse plasmonic torque ny ap-
plied in the y direction on a gold sphere, as a function of the
sphere radius R. Two illumination wavelengths 594 and 980
nm are considered, and the plasmon is launched at a gold-
water interface. (B) Same quantity, as a function of the in-
cident wavelength λ, for a 100 nm sphere radius. Gold (Au)
and aluminium (Al) are considered for both the sphere (S)
and the metal plane (P). In both graphs the decay scaling
factor e−q
′′d is set equal to one. The plasmon is ill-defined
over the grey area.
e−q
′′d ≡ 1, the torque is evaluated with aluminium for the
sphere and/or the metal plane along which the SP mode
is launched. The different curves show that the torque is
strongest when both the sphere and the plate are made of
gold, because in this case both the spin of the plasmonic
field and the dissipation in the sphere are maximized.
When the sphere is made of aluminum (red solid line
and dark dashed curve), the torque is very small because
the dissipation in the sphere is small. The mixed-case
of a gold sphere and a aluminium-water plasmon (green
curve) still demonstrate a substantial torque, as the spin
of the plasmon shown in Fig. 2 is only twice smaller than
the one obtained with a gold-water interface. As a con-
sequence, we conclude that the plasmonic torque on a
spherical object relies mainly on two ingredients: the spin
expectation value S of the incident plasmonic field and
7the dissipation in the sphere. This is precisely the con-
clusion that can be reached in the dipolar regime, but
only qualitatively.
This study of finite size spheres allows an alterna-
tive interpretation of the plasmonic torque induced on a
metallic sphere from the point of view of moving free-
electrons. The SP mode, being an electronic density
wave traveling in the x direction, will induce and drive,
through influence, an electronic density in the sphere in
the x direction as well. As a consequence of dissipa-
tion, these moving electrons are slowed down and transfer
their momentum to the metal lattice. The bottom of the
sphere is thus accelerated in the x direction, which makes
the sphere rotate around the y axis. The negative sign ob-
tained for the torque in the scattering evaluation is fully
consistent with this view, making the torque transmitted
by electrons equivalent to a non-contact gears mecha-
nism.
C. Plasmonic torque applied to a dielectric sphere
This physical picture yields that dissipation in the ma-
terial of the sphere is necessary for the torque to be in-
duced. A simple way to test this idea is to see the effect
of a progressive increase of the dissipation starting from
a lossless dielectric sphere. We thus here evaluate the
torque for dielectric spheres characterized by a complex
refractive index n = n′ + ın′′. For n′′ = 0, the sphere
is non-dissipative and no torque should be observed. On
the opposite, an increasing n′′ > 0 should yield an in-
creasing torque, up to the point where the reflectivity is
too poor for the mechanical action to be efficient. This
is fully verified by our numerical evaluations gathered in
Fig. 6 for increasing values of n′′. Starting from the ab-
sence of torque for the non-dissipative sphere (solid dark
curve), a slight increase to n′′ = 0.001, a typical value
for polystyrene spheres [40] yields a non-zero torque that
smoothly increases with the radius R of the sphere. Com-
pared to the case of a metallic sphere, the applied torque
is much weaker (more than three orders of magnitude)
and the dependence of the torque on the radius R does
not undergo any rapid oscillations. When increasing the
dissipation by successive orders of magnitudes, the torque
is almost proportionally increased, as seen from the fact
that the torques normalized by the corresponding factor
are very close to the curve for n′′ = 0.001. For the last
two highly dissipative cases n′′ = 0.1 and n′′ = 1, the
torque is shown to increase slower than the dissipation,
indicating the beginning of a saturation effect for poor
reflectors.
These results agree with the interpretation of a torque
transferred from moving damped electrons. In the case of
non-dissipative materials, the electrons do rotate around
the center of the sphere but they do so freely and there-
fore do not lead to any torque. This is precisely what
is to be understood from the dipolar analysis, where the
point-like sphere has its electric dipole moment rotating
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FIG. 6. Normalized transverse plasmonic torque ny exerted
on a dielectric sphere as a function of the sphere radius R.
The incident wavelength is 594 nm and the refractive index
of the sphere is n = 1.5+ın′′, with n′′ = 0 (upper dark curve),
0.001 (lower red solid curve), 0.01 (lower dashed curve), 0.1
(thin blue curve), and 1 (dash-dot green curve). The torques
for the three later cases are divided by 10, 100 and 1000 for
clarity, respectively.
in phase with the electric field, with no applied torque.
In the dissipative case, an increasing damping of mov-
ing electrons leads to an increased transfer of momen-
tum to the object and therefore an increased torque. For
very dissipative materials, the electrons are damped be-
fore they acquire sufficient momentum, which could lead
to the saturation effect observed in Fig. 6 for high values
of n′′.
III. PLASMONIC ROTATION OF A SPHERE IN
A FLUID
It turns important to study the effect of the plasmonic
torque on an immersed sphere since direct optical ma-
nipulation of particles is most efficient in fluids, essen-
tially due to buoyancy. It is then crucial to account for a
random Langevin torque Nth, source of an inevitable ro-
tational Brownian motion thermally induced by the sur-
rounding fluid [41]. The dynamic equation for the in-
stantaneous angular velocity vector Ω of the sphere then
writes
IΩ˙ + γΩ = N + Nth (10)
where I = 2MR2/5 is the inertia moment of the sphere
of massM and γ = 8piηR3 is an estimation of the friction
coefficient for a sphere of radius R in a fluid of viscosity
η. Here, we have removed all translational motions and
forces by assuming that the center of mass of the sphere
is at rest within the fluid. Remarkably on the stochas-
tic equation (10), the effects of the optical torque N and
8the thermal torque Nth can be treated separately by in-
troducing the deterministic (averaged) Ωd = 〈Ω〉 and
stochastic Ωs = Ω−Ωd parts of Ω [23]. With this sepa-
ration, it can be shown that the thermal torque Nth only
affects the angular velocity vector Ω by merely adding a
Gaussian noise with a variance σ = kBTI in every direc-
tions.
The deterministic part is given by a constant torque
N directed in the y < 0 direction. The plasmonic torque
starts spinning the sphere up to an angular velocity limit
Ω∞ = Ny/γ reached within a time constant τ = I/γ.
Note that for sub-micron spheres immersed a viscous en-
vironment such as water corresponding to low Reynolds
number, τ ∼ 10−7 s meaning that friction prevails over
inertia. In contrast, within tenuous environments, iner-
tial effects have to be accounted for.
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FIG. 7. Normalized transverse torque ny divided by R3, as
a function of the radius R of the sphere. Three separation
distances considered are: d = 0 (lower dark curve), 50 (blue
curve), and 100 nm (upper red curve) between the gold plate
and the bottom of the sphere.
It is interesting to note that the normalized quantity
ny/R
3 scales precisely like the angular velocity limit Ω∞.
As shown in Fig. 7 for three different separation distances
d = h − R, ny/R3 globally converges to a constant for
large metallic spheres, independently of d. As a conse-
quence, for a given distance d to the interface the torque
Ny scales as R3 for large metallic spheres, and the spin-
ning angular velocity Ω∞ does not depend on the size
of the sphere for R & 400 nm. These results have been
given within a first-order scattering model but their phys-
ical implications will remain valid when extending our
approach, in particular regarding the transverse nature
of the spin and its relation to the optical responses of
the metals at play. While the exact values of Ω∞ will be
modified at the closest separations between the sphere
and the metal film, the discussion will qualitatively re-
main the same, and the same conclusion holds.
The influence of dissipation is studied again here by
choosing different values for the dissipation inside dielec-
tric spheres. As seen in Fig. 8 for n′′ 6= 0, the reduced
torque ny/R3 is almost proportional to n′′, and decreases
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FIG. 8. Same as Fig. 6, but the normalized torques are further
divided by R3, in order to study the spinning angular velocity
Ω∞. (insert) Local power law aR (see Eq. (11)) with respect
to the variable R for the torques evaluated for each value of
n′′.
monotonically when R increases. This clearly means that
the torqueNy increases more slowly than R3 and that the
spinning angular velocity Ω∞ of the sphere will decrease
as the sphere gets larger. This dependence is very differ-
ent from what is obtained for metal spheres and, in order
to emphasize this, we introduce the local power law aR
aR =
d lnny
d lnR
, (11)
which fits locally the curvature of ny(R) with a power
function RaR . This parameter is plotted in the insert
of Fig. 8, and shows that for small spheres, aR goes to
3, in agreement with the dipolar limit given in Eq. (5),
for which Im[α] ∝ R3. For larger spheres however, aR
seems to converge to 2, at least for materials with small
dissipation.
An estimation of the spinning frequency f∞ = Ω∞/2pi
for a 500 nm gold radius sphere is given in Fig. 9 as a
function of the distance d = h − R between the sphere
and the gold plane. Two situations are compared, both
involving an SP mode excited at λ = 594 nm and a laser
intensity of I0 = 109 W · m−2. When the sphere is im-
mersed in water, for which nd = 1.33 and η = 10−3, a
rotation frequency f∞ ' 22 Hz is reached for a sphere
close to contact. When the distance d increases, the am-
plitude of the torque decreases exponentially as the plas-
monic field does away from the interface. The rotation
frequency is divided by 10 every 160 nm in the separa-
tion distance. When the spinning takes place in air, with
nd = 1 and a much lower viscosity η ' 1.8 · 10−5, inertia
is accounted for. There, the rotation speed limit corre-
sponds to much higher f∞ frequencies, up to 400 Hz in
the vicinity of the plane. Moreover in air, the exponen-
tial decay is twice slower when the sphere moves away
from the plane. We finally emphasize that from an ex-
9perimental point of view, these frequencies perfectly fall
within the bandwidths of standard displacement detec-
tion systems, based on power spectral analysis or rota-
tional Doppler shifts, for instance [5, 42, 43].
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FIG. 9. Limiting spinning frequency f∞ = Ω∞/2pi of a 500
nm radius gold sphere, as function of the sphere separation to
the plasmonic interface d = h−R. The surrounding medium is
either water or air. The plasmon intensity is I0 = 109 W·m−2.
CONCLUSIONS
We evaluate in this article the forces and torques that a
surface plasmon can induce on a sphere using a multipo-
lar decomposition of the incident plasmonic field and its
reflection on the sphere. While higher order reflections
between the plane and the sphere should be included if
one aims for precise quantitative evaluations, this first-
order approach provides qualitative and meaningful in-
sights in the physics of the problem. Our results show un-
ambiguously the appearance of a plasmonic torque that
can spin the sphere. We stress that contrary to usual
optical torques, the angular velocity vector induced by
the SP mode points in a direction parallel to the plas-
monic interface but transverse to the plasmon propaga-
tion. For metals, we showed that the torque is expected
to be more efficient with gold objects, and at wavelengths
where both the spin expectation value of the plasmon and
the absorption in the sphere are maximized. This leads
us to emphasize the crucial role played by both of them
in the spinning process. We finally note that the magni-
tudes of the induced torques should lead to measurable
rotations. These values could be further increased by a
more powerful plasmonic field, or by using a less viscous
media.
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Appendix A: The field scattered by the sphere
The field (Es,Hs) scattered by the sphere can be writ-
ten in the basis of the spherical modes in terms of the Mie
coefficients [29, 30]. These coefficients can be expressed
thanks to ordinary Bessel functions of the first and sec-
ond kind
a`(β) =
ε˜CA` − CB`
ε˜CC` − CD`
b`(β) =
CA` − CB`
CC` − CD`
where ε˜ = ε/εd is the ratio of the permittivities inside
and outside the sphere, β = ωndR/c is a dimensionless
size parameter, and the four coefficients can be expressed
thanks to ordinary Bessel functions of the first and second
kind
CA` = J`+1/2(n˜β)
[
βJ`−1/2(β)− `J`+1/2(β)
]
CB` = J`+1/2(β)
[
n˜βJ`−1/2(n˜β)− `J`+1/2(n˜β)
]
CC` = J`+1/2(n˜β)
[
βH`−1/2(β)− `H`+1/2(β)
]
CD` = H`+1/2(β)
[
n˜βJ`−1/2(n˜β)− `J`+1/2(n˜β)
]
.
Using these coefficients, the components of the scattered
field can be expressed in a compact form (see for instance
[34] for the complete expressions). We bring the reader’s
attention to the fact that we have chosen the same con-
vention as in [29, 30] for the Mie coefficients, which is
opposite in sign with respect to [34, 35] and does not in-
clude the A`,m, B`,m coefficients, hence the small differ-
ences in the expressions of the force and torque compared
to the latter articles.
Appendix B: Multipolar decomposition of a
plasmonic field
Because of the spherical symmetry of the system, the
fields are expanded in the basis of spherical modes, taking
the center of the sphere as the origin of the frame. The
calculations detailed here are based on the works [34, 35].
An alternative method implemented for evanescent fields
has been presented in [44]. The incident plasmonic field
given in Eq. (1) can be expressed in terms of spherical
modes thanks to the multipolar coefficients (A`,m, B`,m)
better suited to describe the scattering on a spherical
object. Following the derivations of [34], we can obtain
these coefficients from the radial components of the fields:
A`,m =
(b/R)2
`(`+ 1)ψ`(kdb)
∫
Ω
Eir(b, θ, φ)
E0
Y ∗`,m(θ, φ) sin θdθdφ
B`,m =
(b/R)2
`(`+ 1)ψ`(kdb)
∫
Ω
Hir(b, θ, φ)
H0
Y ∗`,m(θ, φ) sin θdθdφ
(B1)
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where ψ` are the Riccati-Bessel functions, Y`,m are the
spherical harmonics, b is an arbitrary integration radius,
kd =
ωnd
c is the wavevector in the surrounding medium,
and Ω = [0, pi]× [0, 2pi].
In the case of a plasmonic field given in Eq. (1), simi-
larly to the derivation presented in [35] for an evanescent
wave, it is possible to simplify the calculation of the coef-
ficients A`,m, B`,m in Eq. (B1) to a 1D-integration. Using
spherical coordinates (r, θ, φ), with θ taken with respect
to the z axis, and φ taken with respect to the x axis in the
(x, y) plane, we get the following radial components for
the incident field on the surface of a sphere with radius b:
Eir(b, θ, φ) =E
ieıqheıkb sin θ cosφeıqb cos θ
×
(
q˜ sin θ cosφ− k˜ cos θ
)
Hir(b, θ, φ) =H
ieıqheıkb sin θ cosφeıqb cos θ sin θ sinφ . (B2)
Then, one of the integrations in the determination of the
multipolar coefficients can be analytically carried out. By
incorporating Eqs. (B2) in the expressions (B1), one can
use the following integral representations of the modified
Bessel function I
I|m|(z) =
1
pi
∫ pi
0
ez cosφ cos(mφ)dφ ,
valid for any z ∈ C, to take care of the integration over
φ analytically. We are then left with terms that only
involve θ-integrations:
A`,m = Q
(`,m)
0 e
ıqh
[
q˜Q
(`,m)
1 − k˜Q(`,m)2
]
B`,m = Q
(`,m)
0 e
ıqhQ
(`,m)
3 (B3)
with the explicit term
Q
(`,m)
0 =
√
2`+ 1
4pi
√
(`−m)!
(`+m)!
(b/R)2
`(`+ 1)ψ`(kdb)
(B4)
and the three 1D-integrals:
Q
(`,m)
1 =
∫ pi
0
dθ sin2 θ eıqb cos θPm` (cos θ)
×
∫ 2pi
0
dφ eıkb sin θ cosφ cosφ e−ımφ
=2pi
∫ pi/2
0
dθ sin2 θ
{
cos(qb cos θ)
ı sin(qb cos θ)
}
Pm` (cos θ)
× [I|m−1|(ıkb sin θ) + I|m+1|(ıkb sin θ)]
Q
(`,m)
2 =
∫ pi
0
dθ sin θ cos θ eıqb cos θPm` (cos θ)
×
∫ 2pi
0
dφ eıkb sin θ cosφe−ımφ
=4pi
∫ pi/2
0
dθ sin θ cos θ
{
ı sin(qb cos θ)
cos(qb cos θ)
}
× Pm` (cos θ)I|m|(ıkb sin θ)
Q
(`,m)
3 =
∫ pi
0
dθ sin2 θ eıqb cos θPm` (cos θ)
×
∫ 2pi
0
dφ eıkb sin θ cosφ sinφ e−ımφ
=− 4pim
kb
∫ pi/2
0
dθ sin θ
{
cos(qb cos θ)
ı sin(qb cos θ)
}
× Pm` (cos θ)I|m|(ıkb sin θ)
with braces indicating cases where (`+m) is
{
even
odd
}
.
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